INTRODUCTION
The surface area of the avian egg through which the developing embryo must exchange heat, metabolic gases, and water vapor is a variable of prime importance for quantitation of the permeability of the egg shell to these substances. Surface-area measurements are necessary if one is to compare the permeability properties of shells ranging in size from less than 0.5 g in hummingbirds, to 1.5 kg in the Ostrich (Struthio camelus), and to more than 10 kg in the extinct Aepyornis. In the course of experiments designed to measure and compare the water vapor permeability of eggs of many species (Ar et al. 1974), we found it necessary to develop a method of measuring surface area that was both convenient and accurate.
The problem of surface-area measurement in eggs is complicated by the fact that eggs come in a variety of shapes, few of which can be described by simple, analytic functions. Shapes vary from the nearly spherical eggs of owls to the sharply pointed eggs of murres and gulls. In their classic text, Romanoff and Romanoff (1949) reviewed many of the empirical and theoretical formulas for calculating surface area and volume of eggs. Although a mathematical description of surface area and volume was developed by Carter (1968) for the hen' s egg, we required a method which would be applicable to eggs of any shape, as long as there was circular symmetry about an axis of rotation. Once such a method was developed, it was used to establish allometric relations between surface area and egg weight and volume. Correlative data provided by Schijnwetter (1960-71) enabled us to define additional relations between egg weight (as the independent variable), and shell weight, shell density, and egg density ( as dependent variables).
THEORY
Our approach to the problem of surface-area measurement was derived directly from that of Besch et al. (1968) , which depends on making a tracing of the profile of an egg, dividing the tracing into segments, and estimating the surface area generated as each segment is rotated about the long axis of the egg. We used a photographic technique in conjunction with a hybrid analog-digital computer to facilitate collection and treatment of the data. Assuming that an egg shell is a surface of revolution generated by revolving a curve y = f(x) about the x-axis (in our case the long axis of the egg), the surface area A is given by:
where a and h are limits of integration as shown in figure 1. If the functional relation y = f(x) is an analytical function, it may be possible to perform the integration directly. In our case, since we do not in general know y as a function of x, we resort to an approximation. As suggested by figure 2, when the curve formed by the profile of the egg shell is revolved about the x-axis, the chords AB, BC, etc., generate the lateral areas of the frustra of right circular cones. The sum of these lateral areas approximates the surface of the shell and approaches it with increasing closeness as hx becomes very small. The lateral area generated by the chord AB is given by: Aj = rr( yi_i + yi) (Ax;" + Ayi") ' / Thus the surface area A of the egg shell will be approximately given by:
The volume V of the egg is given by:
Equation ( The accuracy of our measurement technique was tested by photographing a sphere of 3 cm radius and determining its surface area and volume. In a series of 10 replicate measurements, these were underestimated systematically by about 1% and 2"/,, respectively.
The precision of measurement was checked for both large and small eggs in two separate series of 10 replicate determinations. For a hen' s egg, A = VOLUME (cm' ) 100 FIGURE 4. Regression of egg shell surface area (cm") on egg volume (cm*) on log-log scale. Points represent means; the dotted lines enclose &2 SE, and represent 95% confidence limits for log surface area. SURFACE AREA, VOLUME, AND DENSITY OF EGGS 321 where A = area in cm2, W = egg weight in g, RESULTS r = correlation coefficient. (see fig. 7 ). The regression of shell weight on egg weight for 368 species has the form: Ws,, = 4.82 x 10mZ W1.13"
The SE in log Wsl, is -I: 0.0805; the correlation coefficient r = 0.995. Equation (7) petted in density over a large range of egg weights. Experimental verification of this trend using single eggs should prove quite difficult. As an example, there is variation in diet within species. Additionally, the slight dependence on weight may be masked by specific adaptation within a given species. The cumulative error in Eq. (10) creates a further uncertainty of * 30% in prediction of density. However, if Eq. (10) is valid in general, one should find a growing ratio of inorganic to organic material in the shell as the egg grows larger.
As in the case of egg density, one would predict that the density of shell material increases only slightly as egg weight increases. 
